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A B S T R A C T

Novec 1230 is considered to be the most promising halon alternative recently because of the low Global Warming 
Potential (GWP) and minimum extinguishing concentration (MEC). However, the fire suppression performance is 
believed to be strengthened with the mixed chemical gas agents. With an aim to prob the flame suppression effect 
of mixed fluorinated chemical gas, this study combined Novec 1230 and trans-1233zd, carried out a series of 
experiments, studied MEC, and proposed the potential synergistic mechanism between the two gases. The MEC is 
tested by using a bench scale of cup burner platform. When the volume fraction of trans-1233zd is 80 %, 60 %, 50 
%, 40 % and 20 %, the MEC of the mixed chemical gas is 7.0 %, 6.5 %, 6.2 %, 5.9 % and 5.7 %. In addition, the 
synergistic effect model was calculated theoretically and set up on the basis of experimental results. The syn
ergistic factor F has a minimum value of 0.94 when the volume fraction of trans-1233zd is 20%. The synergistic 
effect is found to be obvious because the experimental value is much lower than the theoretical value. Then, the 
study analyzed the synergistic mechanism between Novec 1230 and trans-1233zd at the molecular level using the 
Gaussian 16 code. The results showed that the reaction between the pyrolysis products of Novec 1230 and trans- 
1233zd produced more ⋅CF3, ⋅C2F5 and ⋅C3F7 groups, which helps to consume the free radicals in the fire scene 
and achieve the blocking of the chain reaction. This study provides valuable guidance for the application of 
Novec 1230 and new fluorine-containing gas mixture in fire extinguishing, which will be helpful for the research 
and development of new chemical gas fire extinguishing agents in the future.

1. Introduction

Chemical gas fire extinguishing agents are widely used in libraries, 
cultural heritage protection, aerospace, and electrical fields [1–3]. As 
the environmental situation becomes increasingly severe, traditional 
chemical gas fire extinguishing agents are gradually restricted. The fire 
suppression mechanism and performance of chemical gas have been 
investigated for several years by a great many researchers [4–14]. These 
studies mainly focus on testing the performance of pure fluorinated 
chemical gases, among which Novec 1230 is considered to be a new 
generation of chemical gas fire extinguishing agent that takes into ac
count both fire extinguishing efficiency and environmental friendliness. 

Perfluoro-2-methyl-3-pentanone (Novec 1230), a fluorinated ketone 
with the structural formula CF3CF2C(=O)CF(CF3)2 [15], is a fire- 
extinguishing agent with numerous advantages and has been used in 
various fields [7]. The boiling point is 49 ℃ which may delay atomi
zation efficiency and reduce the fire-extinguishing efficiency during the 
total flooding fire-fighting process. Trans-1-Chloro-3,3,3- 
Trifluoropropene (trans-1233zd(E)), with the structural formula 
ClCH=CHCF3, is a kind of fluorinated chemical gas with a boiling point 
of 19 ℃, a Global Warming Potential (GWP) of 1, and an Ozone 
Depletion Potential (ODP) of 0 [16]. According to previous research 
[17], the C-Cl bond of trans-1233zd is easily broken and produces Cl 
radical, which can combine with ⋅H and ⋅OH in the fire to block the chain 
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reaction. Currently, researchers have conducted studies on the fire in
hibition ability of trans-1233zd [18–20]. These studies demonstrate that 
the substance has potential for application in the firefighting field.

Since Novec 1230 belongs to the Perfluoroalkyl and Polyfluoroalkyl 
Substances (PFAS), which are unfriendly to the environment, and have a 
flame-promoting effect at low concentrations [8,21], this has hindered 
its application in some fields. Studies find composite fire extinguishing 
agents can improve the performance of single ones [22–27]. Therefore, 
some researchers have tried to combine chemical gases with other 
substances to overcome their drawbacks. The main emphasis of 
currently available researches focus on the synergy with inert gases 
[28–32], fine water mist [33], flame retardants [34] and other organic 
substances [35,36] and so on. Although many achievements have been 
made in the synergistic research on Novec 1230, there are few reports on 
the synergistic flame suppression with other new chemical gases avail
able. Existing research is also limited to analyzing and discussing 
macroscopic phenomena, lacking the exploration of synergistic 

mechanisms at the molecular level. To further study the flame sup
pression effect of mixed fluorine chemical gases, this study introduced 
quantum chemical calculations to simulate the reactions between py
rolysis products of Novec 1230 and trans-1233d based on fire extin
guishing experiments, which contributes a deep understanding of the 
synergistic mechanism.

In this paper, a detailed understanding of the flame suppression 
performance of Novec 1230/trans-1233zd mixed chemical gases was 
newly discussed by using a bench scale of a cup burner platform, and the 
influence of changed ratios on flame suppression was described. 
Furthermore, this study explores the synergistic mechanism of the mixed 
chemical gas at the molecular level. The reactions between the pyrolysis 
products were analyzed by using the Gaussian 16 code. The results of 
quantum chemical calculations need more experiments to be further 
verified. This study benefits the development of advanced, efficient, and 
environmentally friendly fire extinguishing agents.

Fig. 1. Experimental setup diagram. (a) Experimental platform structure (b) Experimental platform in reality.
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2. Test and methods

2.1. Test facility

The minimum fire extinguishing experimental platform was con
structed based on the fire extinguishing principle of chemical gas, as 
shown in Fig. 1. The experimental platform includes a cup burner, 
mixing and heating system, fuel supply and a video camera. In this 
study, D07-7 mass flowmeters manufactured by Beijing Sevenstar 
Electronics Co.Ltd were used. The study also used an electronic balance 
which can record mass changes of 0.01 g per second and a syringe pump 
that pushes 0.01 mm per minute. This allows for precise control of 
extinguishing media input. The video camera was a Canon Co. LTD 
EOSR7. The video of the experiment was recorded at 1080P 100 fps to 
ensure that the flame image was clear and recognizable. The experi
mental apparatus are shown in Table 1.

2.2. Test materials

The basic information of the chemical gas used in this test was shown 
in Table 2. The purities of Novec 1230 and trans-1233zd were better 
than 99.9 % in mass fraction. All samples were used directly without any 
further purification. The alcohol used in the fire extinguishing experi
ment was produced by Jiaxing ZhongHao Chemical Co. LTD, with a 
concentration of 99.0 %.

The tests for the determination of the minimum fire-extinguishing 
concentration (MEC) were based on the ISO 14520 standard and 
related test methods. Before the experiment, Novec 1230 and trans- 
1233zd were configured as a mixture of extinguishing media in volume 
fractions as shown in Table 3. The ambient temperature during the 
experiment was 15 ◦C. Under this condition, Novec1230 and trans- 
1233zd were liquid and miscible. According to the volume ratio after 
vaporization in the mixing chamber, the required mass of each of the 
two agents was calculated and mixed to form a mixed agent. The liquid 
in the mixing chamber can be instantly vaporized to form a mixed gas to 
achieve the required ratio. Set the air flow rate to 10 L/min through the 
mass flowmeter, and heated the mixing chamber to keep its temperature 
at 90 ℃ to ensure the fire extinguishing media can be gasified quickly 
after entering [37]. By heating the pipeline and detecting the tempera
ture at the cup burner outlet, it is ensured that the mixed agent can 
participate in the combustion in a gaseous state. Igniting the ethanol in 
the cup burner and using the syringe pump to pass the extinguishing 
media into the cup burner after the flame has stabilized. Waiting for 30 s, 
if the flame is not extinguished, adjust the speed of the syringe pump so 
that the amount of extinguishing media fed into it gradually increases. 
Repeat the above process until the flame is extinguished. High-precision 
balances were used to monitor changes in the mass of liquid extin
guishing media. Eq. (1) was used to calculate the volume of extin
guishing media gasification, thus obtaining the minimum extinguishing 
concentration of the gas mixture. In the present work, a series of tests 
varying volume ratios of Novec 1230 and trans-1233zd under 10 L/min 
of airflow were conducted.

The extinguishing concentration of the mixed fire extinguishing 
media was determined as follows. 

C =
Vmixture

Vmixture + VAir
× 100% (1) 

where Vmixture and VAir are the volumetric flow rates (L/min) of mixed 
fire extinguishing media and air, respectively.

2.3. Computational methods

Gaussian 16 is a quantum chemistry calculator that is used to study 
the structure and properties of molecules and chemical reaction pro
cesses [38]. Molecular geometries, energies, spectra, and other proper
ties, as well as analysing reaction mechanisms and calculating transition 
states can be simulated. The software supports a wide range of compu
tational methods and basis sets and is suitable for studies ranging from 
simple molecules to complex systems.

The study of the synergistic mechanism of fire extinguishing needs to 
go deeper at the molecular level. Obtaining information on the potential 
energy surface is important to study the reaction mechanism [39]. Ac
cording to previous research, density functional theory (DFT) has been a 
common method for calculating the potential energy surface [40–42]. It 
has the advantages of small computational volume, high computational 
accuracy, and fast computational speed.

In this paper, the reaction pathways of the pyrolysis products of 
Novec 1230 and trans-1233zd were calculated using the Gaussian 16 
code. The structure optimization, frequency analysis, and transition 
states were simulated by using the density-functional method of B3LYP 
and the basis group of 6–311++G (d, p). Parameters such as vibrational 
frequencies, bond angles, etc. were obtained from the calculations. The 
vibrational frequency analysis of the transition state has a unique 
imaginary frequency, which proves the correct transition state. Intrinsic 
reaction coordinate (IRC) was carried out later using the same calcula
tion method and basis set to verify the correctness of the reaction path. 
Energy bases were obtained by single-point energy calculations. The 
effect of ethanol decomposition on the reaction was not considered in 
the calculation. Only the reaction between the pyrolysis products of 
Novec 1230 and trans-1233zd was discussed.

2.4. The description of synergistic calculation theory

Pure chemical gas extinguishing media have certain limitations. The 
synergistic action of multiple extinguishing media can improve the ef
ficiency of fire suppression and reduce the generation of environmental 
hazards. Lott [43] proposed a hypothetical calculation of the synergy 

Table 1 
Experimental apparatus.

Instrument Accuracy Manufacturer

D07-7 mass flowmeters 0.1 L/min Beijing Sevenstar Electronics Co. 
Ltd

QHZS-001A syringe pump 0.01 mm/min Yuanhangdongli Co. LTD
YH-30 high-precision 

balance
0.01 g/s Wuxianliang Co. LTD

EOS R7 Camera 1080P 
100FPS

Canon Co.LTD

Table 2 
Basic properties for the chemical gas.

Chemical Gas Novec 1230 Trans-1233zd

GWP 1 1
ODP100yr 0 0.00034
BP[℃] 49 19
Purity[wt%] ＞99.9 % ＞99.1 %
Manufacturer Zhejiang Noah Fluorochemical 

Co.Ltd
Zhejiang Noah Fluorochemical 
Co.Ltd

Table 3 
The initial ratios of Novec1230 and trans-1233zd mixed extinguishing media.

Test No. Volume fraction of Novec1230 Volume fraction of trans-1233zd

1 0.00 % 100.00 %
2 20.00 % 80.00 %
3 40.00 % 60.00 %
4 50.00 % 50.00 %
5 60.00 % 40.00 %
6 80.00 % 20.00 %
7 100.00 % 0.00 %
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factor for mixed extinguishing media, as shown in Eq. (2): 

F =
n1

n0
1
+

n2

n0
2

(2) 

where, n0
1 and n0

2 are the molar amounts required to extinguish the 
flame with pure extinguishing media 1 and 2, respectively. n1 and n2 are 
the molar amounts of each of the two mixed extinguishing media after 
reaching the extinguishing concentration.

Synergy factor F is the key basis for determining whether extin
guishing media 1 and 2 has a synergistic effect. If F < 1, there is a 
positive synergistic effect. If F > 1, there is a negative synergistic effect. 
If F = 1, there is no synergistic effect of extinguishing media 1 and 2 in 
the fire extinguishing process. When F = 1, it is assumed that there is no 
synergistic effect of the two fire extinguishing media. Therefore, the 
theoretical MEC equation, which assumes no synergistic effect of the two 
extinguishing media is proposed, just as shown in Eq. (3): 

C
100 − C

=
1

X(100 − C0
1)

C0
1

+
(100 − C0

2)(1 − X)
C0

2

(3) 

where, C is the theoretical extinguishing concentration of mixed fire 
extinguishing media without considering synergistic effect, C0

1,C0
2 are 

the extinguishing concentrations of pure extinguishing media 1 and 2. X 
is the molar percentage of extinguishing media 1 in the mixed extin
guishing media.

In summary, the assuming no synergistic effect theoretical MEC of 
Novec1230 and trans-1233zd mixed extinguishing media and synergistic 
effects can be determined by calculating. In this paper, Novec1230 is set 
as fire extinguishing media 1 and trans-1233zd as fire extinguishing 
media 2.

3. Results and discussion

3.1. Test results of pure chemical fire suppression performance

Fig. 2 gives the flame morphology of Novec 1230 and trans-1233zd 
during suppressed combustion. The flames became bright and increased 
in height at the initial stage of media introduction. Novec 1230 and 
trans-1233zd enhanced combustion at low concentrations [21]. When 
the time approached 30 s, the root of the flame began to shake and grew 
more violent as the time increased. The root of the flame jumped up and 
was extinguished when the time reached 90 s. In the calibration test, the 
MEC of Novec 1230 is measured to be 5.62 %, which agrees with the 
previous test [37]. The MEC of trans-1233zd was measured as 7.60 %.

3.2. The results of synergistic fire suppression performance

Fig. 3 reflects the variation of flame pattern for Novec 1230 and 
trans-1233zd mixed fire extinguishing media at different ratios. The 
overall trend of the flame height shows an increase and then a decrease, which is consistent with the characteristics of Novec 1230 and trans- 

1233zd. It can be seen the enhanced combustion phenomenon is more 
significant when trans-1233zd is 40–60 % of the mixture than at 20 % 
and 80 %, and there is a significant increase in the flame height. The 
flame height was measured, and the results are shown in Fig. 4. When 
the percentage of trans-1233zd is 20 %, its maximum flame height was 
177.92 mm, the lowest of all conditions, and there was a maximum 
value of 237.44 mm when the percentage is 60 %, which was an increase 
of 25 %. Before the mixed extinguishing media was introduced for 40 s, 
the flame heights when the percentage of trans-1233zd was 20 % were 
lower than the other working conditions. Trans-1233zd may contribute 
to some extent to the role of Novec 1230 in intensifying combustion. To 
quantify the synergistic effect of the two substances, the theoretical MEC 
without considering the synergistic effect was calculated according to 
Eq. (3), whose comparison with the experimental values is shown in Fig. 2. Flame patterns of pure Novec1230 and tran-1233zd in action.

Fig. 3. Flame patterns varying with different volume fractions of trans-1233zd 
in mixed media.
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Fig. 5. As the volume fraction of trans-1233zd in the mixed extinguishing 
media decreases, the experimental MEC also decreases gradually. When 
the volume fraction of tran-1233zd varied from 80 % to 20 %, the 
theoretically calculated values of MECs were 7.09 %, 6.65 %, 6.45 %, 
6.26 % and 5.91 %, which converged to a straight line. In comparison, 
the experimentally measured MECs were 7.00 %, 6.53 %, 6.20 %, 5.9 % 
and 5.7 % respectively, which is shown as a curved line. When trans- 
1233zd is 40 %, there was the maximum difference between the two, 
compared with the theoretical value of 6.26 %, the experimental value 
was 5.9 %, at a decrease of 5.75 %. The experimental value is always 
lower than the theoretical, indicating that Novec1230 and trans-1233zd 
have a positive synergistic effect in the flame suppression process. To 
further check the synergistic effect of Novec1230 and trans-1233zd, the 
synergistic factor in flame suppression of mixed extinguishing media in 
different ratios was calculated according to Eq (2), and the results were 

shown in Fig. 5. The synergy factor F gradually increases as the per
centage of trans-1233zd in the mixed fire extinguishing media increases. 
Among all the ratios, the synergy factor had the minimum value of 0.94 
when trans-1233zd is 20 %, implying the best synergy at that condition. 
The synergistic factor F < 1, proves the conclusion that there is a positive 
synergistic effect between the two gases (see Fig. 6.).

3.3. The potential mechanism of synergistic effect

3.3.1. The main pyrolysis products of Novec1230 during fire
Many researchers have studied the pyrolysis process and products of 

Novec 1230 [9,44]. It has been found that Novec 1230 starts to pyrolyze 
violently when the temperature interval ranges from 650 to 700 ℃. In 
nitrogen atmosphere, the gaseous pyrolysis products include CO, 
CF2=CF2, C3F8, CF3CF=CF2, C4F10, CF3CF2CF=CF2, CF3CF=CFCF3, 
CF2=CCF3CF3, and C5F12. When the temperature is lower than 700 ℃, 
C5F12 is the main product [44]. With the temperature continuing to 
increase, the C5F12 begins to pyrolyze, C4F10 and CF3CF=CF2 begin to 
gradually increase. When the temperature approaches 750 ℃, C4F10 and 
CF3CF=CF2 are found to be the two main pyrolysis products [44]. 
During the fire extinguishing experiment, thermocouples were placed at 
the flame. In the fire extinguishing process, the highest temperature 
could reach 1000 ℃. It can be considered that Novec 1230 has the 
conditions for pyrolysis in this environment. Therefore, the main py
rolysis products of Novec1230 are C5F12, C4F10 and CF3CF=CF2. The 
above major pyrolysis products are mapped and structurally optimized 
by using Gaussian 16 code, as shown in Fig. 7.

3.3.2. The main pyrolysis products of trans-1233zd
According to previous studies [45], trans-1233zd starts to pyrolyze 

when the temperature approaches 400 ℃. As the temperature increased, 
the pyrolysis of trans-1233zd intensified. In argon atmosphere, when the 
temperature approaches 450 ℃, CH≡CCF3, C4H2F6, CH≡CCl, 
CH2=CHCl and C4HF6Cl begin to appear in the pyrolysis products. When 
the temperature approaches 700 ℃, trans-1233zd was almost 
completely decomposed. By analyzing the pyrolysis products of trans- 
1233zd, the percentage contents of CF2=CHCHFCl, CF3CH2CCl and 
CF3CH-CHCl are high. During fire extinguishing experiment, the highest 
temperature reached 1000 ℃, so these three can be seen as the main 
pyrolysis products of trans-1233zd. The above major pyrolysis products 
are mapped and structurally optimized by using Gaussian 16 code as 
shown in Fig. 8.

Fig. 4. Effect of different ratios of trans-1233zd on flame height.

Fig. 5. The experimental and theoretical MEC of Novec-1230 and 
trans-1233zd.

Fig. 6. Changes in synergy factor at different trans-1233zd volume concen
trations in mixed fire extinguishing media.
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3.3.3. The synergistic reaction process
To reveal the synergistic mechanism of mixed fire extinguishing 

media, it is necessary to investigate the reactions that exist between the 
pyrolysis products of Novec 1230 and trans-1233zd. The major pyrolysis 
products of Novec1230 and trans-1233zd are C5F12, C4F10, CF3CF=CF2, 
CF2=CHCHFCl, CF3CH2CCl and CF3CHCHCl. The reactions between the 
major products present in Novec 1230 and trans-1233zd were simulated 
using the Gaussian 16 code, and the results are given below.

Reaction paths 1, 2 and 3 are the three reactions of the pyrolysis 
product of trans-1233zd, CF2=CHCHFCl, with C5F12, C4F10 and C3F6. 
The respective energy barriers and transition states TS1, TS2 and TS3 as 
shown in Fig. 9, Fig. 10 (a), (b) and (c). Path 1 with TS1 generates P1 by 
overcoming the energy barrier of 692.65 kJ⋅mol− 1, during which the C-F 
bond on CF2=CHCHFCl is broken to produce •F and ⋅CF=CHCFHCl, the 
C–C bond on C5F12 is broken to produce ⋅CF2, ⋅CF3 and ⋅C3F6. The other 
⋅CF3 is created by ⋅F and ⋅CF2 visa an addition reaction. Path 2 with TS2 
generates P2 by overcoming the energy barrier of 439.19 kJ⋅mol− 1. The 
decomposition of C4F10 produces ⋅C2F5, ⋅CF3 and ⋅CF2, and ⋅CF2 pro
duces another ⋅CF3 through an addition reaction with ⋅F, which is the 
source of the two ⋅CF3 in P2. CF2=CHCHFCl and C3F6 generate P3 with 
TS3 by overcoming the energy barrier of 722.74 kJ⋅mol− 1. The ⋅C3F7 in 
P3 is produced by the addition of ⋅F and C3F6.

Reaction paths 4,5 and 6 are the three reactions of the pyrolysis 
product of trans-1233zd, CF3CH2CCl, with C5F12, C4F10 and C3F6. The 
energy barriers, reaction products P4, P5 and P6, and transition states 
TS4, TS5 and TS6 are shown in Fig. 9, Fig. 10 (d), (e) and (f). CF3CH2CCl 
and C5F12 with TS4 generate P4 by overcoming the energy barrier of 
529.67 kJ⋅mol− 1. In this process, the C-F bond in CF3CH2CCl is broken to 

produce ⋅F and ⋅CF2CH2CCl, and the C–C bond in C5F12 is broken to 
produce ⋅CF2, ⋅CF3, and ⋅C3F7. CF4 is created by the addition of ⋅F and 
⋅CF3. CF3CH2CCl and C4F10 with TS5 generate P5 by overcoming the 
energy barrier of 545.87 kJ⋅mol− 1, where C4F10 decomposes to produce 
⋅C2F5, ⋅CF2 and ⋅CF3. CF4 is obtained by the addition of ⋅F and ⋅CF3. The 
product P6 was obtained from CF3CH2CCl and C3F6 with TS6 by over
coming an energy barrier of 627.14 kJ⋅mol− 1 and consisted of 
⋅CF2CH2CCl and ⋅C3F7, where ⋅C3F7 was obtained by addition of C3F6 
and ⋅F.

Reaction paths 7, 8 and 9 are the three reactions of CF3CHCHCl and 
C5F12, C4F10 and C3F6. The products P7, P8 and P9 and the transition 
states TS7, TS8 and TS9 are shown in Fig. 9 and Fig. 10 (g), (h) and (i). 
CF3CH-CHCl and C5F12 with TS7 generate P7 by overcoming the energy 
barrier of 273.29 kJ⋅mol− 1. P7 consists of ⋅C3F7, CF2CHCHCl and 2 ⋅CF3. 
During the reaction C5F12 decomposes to produce ⋅CF3, ⋅CF2 and ⋅C3F7. 
The other ⋅CF3 is created by the addition of ⋅CF2 and ⋅F which comes 
from C-F bond breakage in CF3CH-CHCl. The product P8 is produced 
from CF3CH-CHCl and C4F10 by overcoming the energy barrier of 
273.41 kJ⋅mol− 1 with TS8 and consists of ⋅C2F5,⋅CF2CHCHCl and 2 ⋅CF3. 
One of the ⋅CF3 is produced by the decomposition of C4F10 while the 
other is obtained by the addition of ⋅F and ⋅CF2 which comes from the 
decomposition of C4F10. The product P9 is obtained from CF3CHCHCl 
and C3F6 with TS9 by overcoming the energy barrier of 380.14 kJ⋅mol− 1 

and consists of ⋅CF3CF, ⋅CF2CHCHCl and ⋅CF3. The decomposition of 
C3F6 during the reaction produces ⋅CCF3 and ⋅CF3, and ⋅CCF3 and ⋅F 
produce ⋅CFCF3 via an addition reaction.

The height of the energy barrier shows the magnitude of the energy 
barrier that needs to be overcome to transform the reactants into 

Fig. 7. The main pyrolysis products of Novec1230. (a) C5F12 (b) C4F10 (c) CF3CF=CF2.

B. Zhou et al.                                                                                                                                                                                                                                    Thermal Science and Engineering Progress 64 (2025) 103840 

6 



products. The higher the energy barrier, the more difficult the reaction 
is. Among the above nine reactions, the lowest energy barriers are P2, P7 
and P8 with energy barriers of 247.52 kJ⋅mol− 1, 243.29 kJ⋅mol− 1 and 
273.41 kJ⋅mol− 1. Therefore, in the fire extinguishing process, the first 
three reactions occurring are CF2=CHCHFCl with C4F10, CF3CHCHCl 
with C5F12, and CF3CHCHCl with C4F10. In this process ⋅C2F5, 
⋅CF2CHCHCl, ⋅CF=CHCFHCl, ⋅CF3 and ⋅C3F7 are generated. ⋅CF3, ⋅C2F5 
and ⋅C3F7 are common groups in hydrofluorocarbon fire extinguishing 
agents during the flame suppression process, which can react with H and 
OH in the fire scene [46,47]. Compared with the two existing fire 
extinguishing agents, the reaction between the pyrolysis products gen
erates more of the three groups. This enhances the elimination reaction 
of free radicals in the flame and further improves the flame suppression 
effect. The above conclusions are drawn based on the results of quantum 

chemical calculations. The reactions between the pyrolysis products 
need to be further verified through experiments. Compared with Novec 
1230, trans-1233zd is more easily degraded in the atmosphere, and the 
degradation products have a shorter residence time in the atmosphere 
[48]. Therefore, the use of mixed chemical gases helps to reduce the use 
of Novec 1230 and is more environmentally friendly. The reaction and 
fire extinguishing synergistic mechanism between the pyrolysis prod
ucts of Novec1230 and trans1233zd are shown in Fig. 11 and Fig. 12.

4. Conclusions

In this paper, the MEC of Novec 1230 and trans1233zd mixed 
chemical gases at different volume fractions was tested. The synergy 
theoretical extinguishing concentration and synergy factor F were 

Fig. 8. The main pyrolysis products of trans-1233zd. (a) CF2=CHCHFCl (b) CF3CH2CCl (c) CF3CHCHCl.

Fig. 9. Energy barriers of reactions.
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calculated and compared with the experimental values. The synergy 
reaction of the pyrolysis products was obtained by using Gaussian16 
code to propose the potential synergistic mechanism between 
Novec1230 and trans-1233zd in the flame suppression process. The re
sults are as follows: 

(1) As the volume fraction of trans-1233zd reduced, the MEC of the 
mixed extinguishing medium decrease gradually. When the vol
ume fraction of trans-1233zd is 80 %, 60 %, 50 %, 40 % and 20 %, 
the MEC of the mixed chemical gas is 7.0 %, 6.5 %, 6.2 %, 5.9 % 
and 5.7 %. When the volume fraction of trans-1233zd was 20 %, 
the flame height was lowest.

Fig. 10. Structural diagram of the transition state. (a) TS1 (b) TS2 (c) TS3 (d) TS4 (e) TS5 (f) TS6 (g) TS7 (h) TS8 (i) TS9.

Fig. 11. Reactions between pyrolysis products of Novec1230 and trans-1233zd.
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(2) The experimental values of the MEC were lower than the theo
retical values assuming no synergistic effect, and the synergistic 
factor F was always less than 1, which indicated the positive 
synergistic effect of Novec1230 and trans-1233zd in flame sup
pression. When the volume fraction of trans-1233zd was 20 %, 
the synergistic effect was best.

(3) The reactions of pyrolysis products of Novec1230 and 
trans1233zd is clarified, resulting into the producing of ⋅C2F5, 
⋅CF3 and ⋅C3F7. The newly generated radicals additionally 
enhance the fire extinguishing efficiency.

The above results demonstrate the existence of positive synergistic 
effects of Novec 1230 and trans-1233zd in the flame suppression process. 
Both theoretical and experimental results show that the Novec 1230 and 
trans-1233zd mixed fire extinguishing medium has the potential to 
become a new generation of chemical gas fire extinguishing agents, 
which can improve fire extinguishing efficiency and be more environ
mentally friendly than single agents. However, further testing is needed 
to study their effectiveness and practical application in depth.
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